INTRODUCTION
Two main techniques have been used to demonstrate heterogeneity of large aggregating proteoglycans extracted from human articular cartilage. First, size fractionation by gel chromatography separates large proteoglycans into two populations [1] [2] [3] , i.e. the large one chondroitin sulphate-rich and the smaller one keratan sulphate-rich. Secondly, the technique of electrophoresis in composite agarose/polyacrylamide gels (CAPAGE) separates large proteoglycans from human articular cartilage into three bands [1, 4] ; the reason for exactly this pattern of banding has not been clear. Finally, human articular cartilage has been reported to contain a relatively small fragment of the proteoglycan molecule which still retains the ability to bind to hyaluronic acid [5] .
The other proteoglycans present in cartilage belong to the family consisting of two very similar species of small proteoglycans, which are designated PG I and PG II [6, 7] ; both of them are present in juvenile [8] , but only one of them (PG II) is present in adult, human articular cartilage [9] .
In total, several populations or fragments of large aggregating proteoglycans, together with one or two species of small proteoglycans, have been found in human articular cartilage by various authors; the list may not yet be final. We present here an attempt to make a systematic inventory of proteoglycans present in human articular cartilage, taking advantage of a selective extraction of different proteoglycans with solvents of increasing extraction efficiency.
EXPERIMENTAL Tissues and materials
Human articular cartilage was obtained from femoral heads of two adults (29 and 87 years old) at the time of autopsy. In both cases autopsy was performed within 12 h of death, and the cartilage appeared macroscopically normal. Tissue was kept frozen at -60°C until further processing.
Chemicals used were of analytical-reagent grade and obtained from standard commercial sources.
Extraction of proteoglycans
Full-depth cartilage slices were frozen in a known volume of distilled water and sectioned (20 ,um thick) on a freezing cryostat [1] . Care was taken to recover all resulting sections, including all water used to freeze the samples. The same volume of twiceconcentrated phosphate-buffered saline, pH 7.4 (PBS), including twice-concentrated proteinase inhibitors, was then added to the sample. The volume was then made up to 15 ml/g wet wt. of tissue, with the PBS containing proteinase inhibitors (5 mmphenymethanesulphonyl fluoride, 5 mM-benzamidine, 5 mm-6-aminohexanoic acid, 5 mM-N-ethylmaleimide and 10 mm-EDTA). The tissue was extracted for 24 h at 4 'C. The extract was separated from the residual tissue by centrifugation (8 'C, 50000 g, 60 min), the pellet was washed with PBS, and the washing solution was added to the extract. The tissue was successively extracted with a solution of 7 M-urea/0. 15 MNaCl/50 mM-Tris/HCl, pH 6.5 (7 M-urea), containing proteinase inhibitors as above, under exactly the same conditions as above.
The final extraction was with 4 M-guanidine hydrochloride/ 50 mM-sodium acetate, pH 5.8 (4 M-Gdn-HCl) (inhibitors and conditions as above).
Papain digestion
The residual tissue after a completed set of extractions was quantitatively transferred into dialysis tubing and extensively dialysed against distilled water. The tissue was then freeze-dried, weighed, and portions were solubilized with papain in 0.5 M- sodium acetate/20 mM-cysteine/5 mM-EDTA, pH 6.8, at 60°C, overnight. Glycosaminoglycan concentration in the papain digest was determined by using the dye-binding assay.
Isolation of proteoglycans from tissue extracts by chromatography on DEAE-Sephacel
Chromatography was performed on the DEAE-Sephacel column (1.6 cm x 16 cm) equilibrated with 7 M-urea/0. 15 MNaCl/50 mM-Tris/HCl, pH 6.5. The PBS extract was prepared for chromatography by adjusting it to 7 M with respect to urea, by adding solid urea; the urea extract was directly loaded on the column. The Gdn-HCI extract was changed into 7 M-urea/0. 15 MNaCi/SO mM-Tris/HCI, pH 6.5, by dialysis. After the extract was loaded, the column was washed with 7 M-urea/0. 15 M-NaCl until the A280 in the eluate returned to zero, and was then eluted with a linear gradient of 0.15-1.0 M-NaCl in 7 M-urea at a flow rate of 10 ml/h. The eluate was monitored for protein at 280 nm; 5 ml fractions were collected and assayed for glycosaminoglycan content by a dye-binding assay. Fractions were pooled, dialysed and freeze-dried. The pools separated by the chromatography on DEAE-Sephacel are designated in the text and Figures below by Roman numerals.
Gel chromatography on Sephacryl S-400
Chromatography on a Sephacryl S-400 column (1.2 cm x 150 cm) was performed in 4 M-Gdn-HCI/50 mM-sodium acetate, pH 5.8. Either the whole freeze-dried DEAE-Sephacelseparated pools (when weighing up to 10 mg) or portions of them weighing approx. 8 mg were applied on the column. The column was eluted at a flow rate of 8 ml/h. The eluate was monitored for protein at 280 nm; 4 ml fractions were collected and assayed for glycosaminoglycan content by a dye-binding assay. Electrophoretic techniques SDS/PAGE on 4-20 %-polyacrylamide gradient gels was performed as described [10, 11] . Gels were stained successively with Coomassie Blue and Alcian Blue [10] . The destained gels were dehydrated in concentrated solution of poly(ethylene glycol) 2000; shrunken gels were dried between two cellophan sheets.
CAPAGE was performed essentially as described by Carney et al. [4] . The running buffer, however, contained no urea, and gels were run in a tap-water-cooled electrophoresis apparatus. Gels were stained with 0.2 % Toluidine Blue in 0.1 M-acetic acid, destained in 3 % (v/v) acetic acid, and dried on GelBond films. After the transfer, the nitrocellulose was blocked with 5 % (w/v) low-fat milk solution in PBS. Primary as well as secondary antisera were diluted in 2 % milk solution in PBS. The following antibodies were used for immunodetection: rabbit anti-(pig cartilage PG II) antiserum [9] , rabbit anti-[human hyaluronic acid-binding region (HABR)] antiserum, and the monoclonal antibody MZ15, which is specific for keratan sulphate [12] . All antibodies were kindly provided by Dr. T. E. Hardingham and Dr. M. T. Bayliss, Kennedy Institute of Rheumatology, London, U.K. The bound antibodies were localized with a peroxidaseconjugated second antibody.
Determination of glycosaminoglycan concentration
Two versions of a dye (1,9-Dimethyl Methylene Blue)-binding assay were used.The first version employed the reagent (16 mg/l) dissolved in sodium formate/formic acid exactly as described [13] , and used 40,1u samples plus 250,l of the dye solution. The linear range of this version was 5-50,g of chondroitin sulphate/ml. The less sensitive version employed the reagent (32 mg/l) dissolved in 0.04 M-glycine/0.04 M-NaCl, pH 3.0, and used 10 ,pl samples. The linear range ofthis version was 50-500 ,g of chondroitin sulphate/ml. Both assays were adapted for automated use with an e.l.i.s.a. reader. Calibration curves and blanks for every set of samples were always prepared in an appropriate solution (PBS, 7 M-urea, 4 M-Gdn-HCl).
RESULTS

Extraction of proteoglycans from the cartilage and isolation of proteoglycans from individual extracts by chromatography on DEAE-Sephacel
Slices (20 pm) prepared from two differently aged (adult and very old) cartilage specimens were successively extracted with PBS, 7 M-urea/0. 15 M-NaCl, and 4 M-Gdn-HCI, and residual tissues were finally solubilized with papain. Samples of individual extracts were assayed for sulphated glycosaminoglycans ( Table 1) .
The results of proteoglycan isolation are demonstrated only for the 29-year-old cartilage specimen from this stage onwards; differences that were found between the two differently aged tissues are discussed separately. A flow diagram summarizing the experimental protocol is shown in Fig. 1 . Individual extracts were chromatographed on a column of DEAE-Sephacel in 7 Murea (Fig. 2 ). Proteoglycans were eluted with a linear NaCl gradient as two or three rather broad and overlapping peaks. Table 2 .
Size fractionation of DEAE-Sephacel-separated pools by chromatography on Sephacryl S400
Pools separated by DEAE-Sephacel chromatography were further fractionated by gel chromatography on Sephacryl S-400 (Fig. 3) 2 and 4; cf. Fig. 3 ). Peaks 1 and 2, present in gel chromatograms of all pools, corresponded to individual bands of the characteristic CAPAGE triplet of bands, which represent different populations of large aggregating proteoglycans. Peak 1 corresponded to two slower-migrating CAPAGE bands (designated here as PG-LI and PG-LIT); peak 2 corresponded to the fastest band of the triplet (designated here as PG-LIII) (Fig. 4) . Pools I and II further contained a prominent protein peak, separated by Sephacryl S-400 chromatography (Fig. 3, peak 4) (Fig. 5) . The Mr values of these two bands thus corresponded to values which were reported for 'free' GI (N-terminal hyaluronic acid-binding domain) and for the G1-G2 domain respectively [14] . There was a considerable polydispersity within the population of large proteoglycans represented by the CAPAGE band PG-LIII. Proteoglycans containing the HABR epitope were detected in column fractions eluted with a Kav. ranging from 0 to about 0.6 or even more; the Mr of corresponding proteoglycans (as estimated by SDS/PAGE) decreased continuously from molecules which did not enter the 4 %-polyacrylamide gel to about 70000 (Fig. 6) . The HABR epitope (Fig. 6b) , as well as keratan sulphate, which reacted with the MZ15 antibody (result not shown), were present in all these size fractions. The weaker immunostaining of material present in fractions 28-32 (Fig. 6b) was not caused by the lack of the epitope, but rather by a poor blotting of these relatively large proteoglycans on nitrocellulose. The material of peak 4, consisting presumably mainly of 'free' HABR, thus appeared to represent an extremity of sizes which decreased to the size of this smallest fragment from the size of a native molecule of the large aggregating proteoglycan. Surprisingly, regardless of considerable differences in their hydrodynamic sizes, all these fragments migrated with essentially identical mobility on CAPAGE (Fig. 6c) ; the reason for this behaviour was not clear. The three populations of large aggregating proteoglycans (PG-LI, PG-LII, PG-LIII), and their small HABR-containing fragments, represented all proteoglycans that we have detected in Gdn-HCl extracts.
Identification of proteoglycans present in 7 M-urea extract Peaks 1 and 2, which corresponded to three populations of large proteoglycans, were evident in all Sephacryl S-400 chromatograms of individual pools (compare Figs. 3 and 4b) . DEAE- Sephacel-separated pools I, II and III contained a component which was eluted from the Sephacryl S-400 column as peak 4 in pools I and II (Kay = 0.56) and as peak 3 in pool III (Kav = 0.42); similarly to the Gdn-HCI extract, all analyses indicated that this material corresponded to small fragments of large aggregating proteoglycans bearing both HABR and keratan sulphate epitopes (results not shown). Pools II and III further contained a small proteoglycan which was eluted from the Sephacryl S-400 column in the position of peak 3 and was identified as a distinct fast-migrating band on CAPAGE (band designated PG-S; fractions 32-36 in Fig. 4b ). Pooled materials of peaks 2, 3 and 4 (which were separated by Sephacryl S-400 chromatography of pool II) were analysed by SDS/PAGE and by immunoblotting (Fig. 7) . The small proteoglycan was identified with the anti-(small PG II) antibody which recognized the band of Mr 120000-150000 in the peak 3 (Fig.   7b) . The other bands separated by SDS/PAGE from peaks 2, 3 and 4, i.e. a broad band of Mr about 300000 in peak 2, the second band of Mr equal to approx. 150000-200000 in peak 3, and a band ranging from Mr 70000 to about 120000 in peak 4 ( Fig. 7a) , were all recognized by both anti-HABR and MZ15 antibodies.
Identification of proteoglycans present in PBS extract
Identically as in Gdn-HCl and in urea extracts, the HABR epitope was present in the CAPAGE band which was designated PG-LIII (this band was again present in all Sephacryl S-400 chromatographies); again, all HABR-containing fragments migrated on CAPAGE with the same mobility (results not shown).
At least three distinct fast-migrating bands of small proteoglycans can be distinguished in Fig. 4(c) , in positions indicated by unmarked arrows. They differed from each other in their electrophoretic mobilities which increased with decreasing hydrodynamic size (as indicated by the order of elution from the Sephacryl S-400 column). The first of these three bands (present in all DEAE-Sephacel-separated pools) was eluted from the Sephacryl S-400 column in fractions 28-34 and reached a peak in The third fast-migrating band was identified by CAPAGE (in pools III, IV and V) in Sephacryl S-400-separated fractions 38-44 (Fig. 4c) . This band corresponded to small peaks of sulphated glycosaminoglycans which were eluted from the Sephacryl S-400 column with Kav > 0. 6 (Fig. 3) . The material migrated with almost same mobility as the chondroitin sulphate standard on CAPAGE; however, it contained keratan sulphate, since it was recognized by MZ15 antibody (results not shown).
Comparison of two differently aged samples
To sum up, the differently aged samples which were examined simultaneously differed from each other in three respects. First, proteoglycans were extracted in a higher proportion by PBS and urea solution from the younger cartilage; also, the unextracted proportion which remained in the tissue was lower in that case (Table 1) . Secondly, very old cartilage contained a relatively higher proportion of low-Mr HABR-containing fragments which were in higher proportion extracted already with 7 M-urea. [2] , and that its proportion also increases through the cartilage depth [1] ; both these findings, together with the polydisperity demonstrated here, support the hypothesis that this smaller population is generated from larger ones by partial degradation within the extracellular matrix.
The smallest HABR-containing fragments found in the Gdn-HCI and urea extracts represented again a mixture, and included an almost 'pure' HABR and GI-G2 fragment. Purified HABR globe was shown previously to contain keratan sulphate [14] [15] [16] . The keratan sulphate content explains binding of all these fragments to the DEAE-Sephacel column and their staining with Alcian Blue; in the smallest fragments the keratan sulphate content was not, however, sufficient for satisfactory staining with Toluidine Blue in agarose gels.
Since all fragments of large proteoglycans containing the HABR globe migrated with essentially same mobility on CAPAGE, the CAPAGE technique could be employed to distinguish between large aggregating proteoglycans or their fragments and between the other 'small' proteoglycan species. These 'small' proteoglycans were extracted in significant amounts already with PBS, and 7 M-urea solution extracted them completely. Only one of three bands of small proteoglycans was positively identified, by means of immunoblotting, as PG II. The other two proteoglycans designated here as 'small' remain to be characterized. However, the keratan sulphate content indicated that the small species that migrated on CAPAGE as the fastest band might possibly be related to small keratan sulphatecontaining proteoglycans which have been isolated from cartilage recently [17, 18] . Its exclusive presence in the PBS extract suggests that this proteoglycan is probably not firmly bound in the tissue.
The differences between two differently aged tissues which we report here were significant enough to become obvious from the comparison of essentially qualitative analyses. The main agedependent changes suggested here were the accumulation of 'free' HABR in the old tissue, and the decrease in the content of small proteoglycans with increasing age. Both these findings are congruent with results of Stanescu et al. [19] , who identified small proteoglycans as a low-buoyant-density component of extracts of the young, but not of the old, human articular cartilage.
